Activation of neuronal circuits involved in the control of autonomic responses is critical for the host survival to immune threats. The brain vascular system plays a key role in such immune-CNS communication, but the signaling pathway and exact type of cells within the blood-brain barrier (BBB) mediating these functions have yet to be uncovered. To elucidate this issue we used myeloid differentiation factor 88 (MyD88)-deficient mice, because these animals do not show any responses to the cytokine interleukin-1b (IL-1b). We created chimeric mice with competent MyD88 signaling in either the BBB endothelium or perivascular microglia of bone marrow origin and challenged them with IL-1b. Systemic treatment with the cytokine caused a robust transcriptional activation of genes involved in the prostaglandin E 2 (PGE 2 ) production by vascular cells of the brain. Upregulation of these genes is dependent on a functional MyD88 signaling in the endothelium, because MyD88-deficient mice that received bone marrow stem cells from wild-type animals (for example, functional perivascular microglia) exhibited no response to systemic IL-1b administration. MyD88 competent endothelial cells also mediate neuronal activation and plasma release of glucocorticoids, whereas chimeric mice with MyD88-competent perivascular microglia did not show a significant increase of these functions. Moreover, competent endothelial cells for the gene encoding Toll-like receptor 4 (TLR4) are essential for the release of plasma corticosterone in response to low and high doses of lipopolysaccharide. Therefore, BBB endothelial cells and not perivascular microglia are the main target of circulating inflammatory mediators to activate the brain circuits and key autonomic functions during systemic immune challenges.
Introduction
Elimination of infectious organisms and return to homeostasis requires both a tightly controlled activation of innate immunity as well as a timely inhibition of its proinflammatory effectors. During a systemic inflammatory response, this inhibition is largely provided through a neural-immune mechanism that involves the release of endogenous glucocorticoids (GCs), which are among the most powerful inhibitors of inflammation.
1,2 Cells of the blood-brain barrier (BBB), including endothelial and perivascular microglial cells, are critical for the bilateral communication between the immune and nervous systems, as circulating pathogens and blood-derived cytokines are unlikely to diffuse in sufficient concentrations across barriers of the central nervous system (CNS) to directly modulate neuronal activity. Instead, evidence suggests that the release of prostaglandin E 2 (PGE 2 ) by cells of the BBB into the adjacent brain parenchymal environment is a fundamental step in the relay of blood-borne immune signals to CNS elements. The subsequent stimulation of the autonomic circuitry involved in the regulation of the hypothalamicpituitary-adrenal (HPA) axis and plasma GC release then provide the critical inhibitory feedback on innate immune cells. 3 Activation of cells of the cerebral microvasculature during systemic and localized inflammatory responses is largely provided by activation of the interleukin (IL)-1R1/IL-1R-AcP receptor complex, and the Toll-like receptor 4 (TLR4) during severe Gram-negative infections. Activation of either receptors elicits nuclear factor-kB (NF-kB) transcriptional activity, which takes place in cells of the BBB during systemic immune responses. 4, 5 One candidate gene targeted by NF-kB is the enzyme cyclooxygenase-2 (COX-2) whose activity, along with that of microsomal PGES-1 (mPGES-1), is necessary for the synthesis of PGE 2 during inflammation. [6] [7] [8] [9] However, the promoter of mPGES-1 gene does not contain NF-kB consensus sequences, and instead AP-1 and early growth response-1 appear to be critical for mPGES-1 expression. 10 Although COX-2 and mPGES-1 transcriptional activation takes place in cells of the BBB in various models of systemic inflammation, 4 ,11 the main cell type expressing these transcripts and producing PGE 2 is still under debate. Indeed, whereas numerous studies have provided evidence that both COX-2 and mPGES-1 transcripts and proteins are upregulated within the endothelium of the cerebral capillaries and venules, [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] other well-performed studies have shown that perivascular cells of hematopoietic origins play a key role in PGE 2 delivery in response to systemic inflammatory stimuli. [24] [25] [26] Finally, recent findings suggest that stimulation of both types of cells is required to activate the HPA axis during endotoxemia 27 and either types could mediate different phases of CNS activation. 28 Consequently, the exact role of the vascular endothelium and perivascular microglia in the regulation of prostanoid synthesis and activity of the HPA axis has yet to be thoroughly investigated experimentally. 6 Myeloid differentiation factor 88 (MyD88) is a critical component of the signal transduction cascade leading to activation of NF-kB in response to lipopolysaccharide (LPS) or IL-1b. 29 MyD88-deficient mice are resistant to LPS-induced shock and do not display symptoms of anorexia or plasma corticosterone elevation in response to the endotoxin. 30 Furthermore, absence of functional MyD88 confers protection in mice against IL-1b-induced anorexia, and inhibits upregulation of tumor necrosis factor-a, IL-6 and acute-phase protein synthesis following IL-1b administration. 30, 31 However, the role of MyD88 in the activation of the brain vascular system and HPA axis by circulating IL-1b is still unknown.
We tested the hypothesis that MyD88 is involved in triggering activation of cells of the BBB that is required for the production of PGE 2 and the subsequent stimulation of the autonomic circuits controlling the HPA axis in response to circulating IL-1b. Predicting that MyD88 would indeed be necessary for this neuroendocrine response to proceed normally, and because perivascular cells are derived from bone marrow hematopoietic stem cells, 32, 33 we also attempted to determine the role of either endothelial cells or perivascular microglia by creating bone marrow chimeras using wild type (WT) and MyD88-deficient mice. Thus, we have generated mice with competent MyD88 signaling in either endothelial cells or perivascular microglia and determined their respective contribution in activating the brain circuits involved in the control of the endocrine response induced by circulating IL-1b.
Materials and methods

Animals
Adult male C57BL/6J and C3H/HeJ mice (Jax Mice; Jackson Laboratory, Bar Harbor, ME, USA) and C3H/ HeN mice (Charles River Canada, St Constant, QC, Canada) were obtained commercially at 8 weeks of age. Hemizygous transgenic mice expressing green fluorescent protein (GFP) under the control of the chicken b-actin promoter and cytomegalovirus enhancer were initially purchased from Jax Mice. A colony was then established and maintained in a C57BL/6J background. MyD88-deficient (MyD88 À/À ) mice, maintained on a C57BL/6 background, were generously provided by Dr S Akira (Department of Host Defense, Research Institute for Microbial Diseases, Osaka University, Osaka, Japan). All animals (25-35 g) were acclimated to standard laboratory conditions (14 h light, 10 h dark cycle; lights on at 0600 and off at 2000 hours) with free access to rodent chow and water. All protocols were conducted according to the Canadian Council on Animal Care guidelines, as administered by the Laval University Animal Welfare Committee. The number of mice per group and time post injection is described in Table 1 .
Irradiation and bone marrow transplantation Recipient mice aged 3-6 months were exposed to a 10 Gy total-body irradiation single dose using a cobalt-60 source (Theratron-780 model, MDS Nordion, Ottawa, ON, Canada). Within 6 h, the mice were injected via a tail vein with 10 Â 10 6 bone marrow cells freshly collected from donor mice aged between 3-12 months. Bone marrow cell harvest and purification were performed as described previously. 33 Recipient mice were housed in autoclaved cages and treated with antibiotics (0.2 mg trimethoprim and 1 mg sulfamethoxazole per ml of drinking water given for 7 days before and 2 weeks after irradiation). Mice were used 12-16 weeks after hematopoietic reconstruction.
Fluorescence-activated cells sorter analysis
Single-cell suspensions from blood of GFP mice recipient of MyD88 À/À bone-marrow stem cells were labeled with CD11b PE monoclonal antibody (Cerderlane, Hornby, ON, Canada). Staining was analyzed on a Beckman Coulter's Epics XL cell sorter.
Protocol 1: Injection of IL-1b
One week before IL-1b injections, mice were habituated to injection stress by receiving i.p. sterile saline injection, once a day for 5 consecutive days. Two days later between 0900 and 1200 hours, mice received a single i.p. bolus of recombinant mouse IL-1b (10 mg kg
À1
; R&D Systems, Minneapolis, MN, USA; endotoxin content < 0.1 ng per mg of IL-1b), diluted in 100 ml sterile saline. Control mice received 100 ml of sterile pyrogen-free vehicle solution. At 1, 3 or 6 h after injection, mice were deeply anesthetized via an i.p. injection of a mixture of ketamine hydrochloride and xylazine and transcardiac perfusion was performed with 0.9% saline, followed by 4% paraformaldehyde in 0.1 M borax buffer (pH 9.5 at 4 1C). Brains were removed and processed as described previously. ; from Escherichia coli, serotype 055:B5; Sigma L-2880) or the vehicle solution were administered i.p. between 0800 and 1200 hours. Mice were killed 0.5, 1.5, 3, 6 and 24 h after the injection and blood samples were collected via cardiac punctures using heparin-coated 22 Gauge needles and syringes. Blood samples were transferred into EDTA-coated tubes (Microvette 500 K3E, Sarstedt, Numbrecht, Germany), centrifuged at 1000 g at 4 1C for 10 min, and the plasma was separated and kept at À20 1C.
In situ hybridization and immunohistochemistry Standard in situ hybridization (ISH) was performed on every 12th coronal section of the entire rostrocaudal extent of each brain using 35 S-labeled cRNA probes as described previously. 5, 34 Some sections were processed for double-label immunohistochemistry (IHC) and ISH, using an antibody directed against the endothelial marker CD31/PECAM (BD Biosciences Pharmingen, San Diego, CA, USA) or the marker of myeloid cell Iba-1 (Wako Chemicals, Richmond, VA, USA) and a 35 S-labeled COX-2 cRNA probe. Slices were first washed in sterile diethylpyrocarbonate-treated 50 mM potassium phosphate-buffered saline (KPBS) and then incubated for 2 h at room temperature and overnight at 4 1C with CD31 (1:500) antibody or 2.5 h at room temperature with Iba-1 (1:1000) diluted in sterile KPBS plus 0.2% Triton X-100, 0.5% bovine serum albumin (BSA) (fraction V; Sigma-Aldrich, Oakville, Ontario, Canada) and 0.25% heparin sodium salt USP. Brain slices were then rinsed in sterile KPBS and appropriately incubated with a solution of Triton X-100, 0.5% BSA, 0.25% heparin sodium salt and biotinylated goat anti-rat immunoglobulin G (IgG) (1:500) or biotinylated goat anti-rabbit (1:1000) secondary antibody at room temperature for 2 h. Sections were then rinsed with KPBS and incubated at room temperature for 60 min with an avidin-biotin-peroxidase complex (Vectastin ABC Elite kit; Vector Laboratories, Burlingame, CA, USA), after which they were washed again in sterile KPBS. A solution of chromogen 3,3 0 -diamino-benzidine tetrahydrochloride (0.05%) and 0.003% H 2 O 2 diluted in KPBS was applied to the brain slices and the ensuing peroxidase reaction was allowed to proceed for 10 min. Sections were then rinsed in KPBS, mounted onto Fisherbrand Colorfrost microscope slides, and underwent the in situ hybridization histochemistry described above using COX-2 35 S-labeled cRNA probe. Ethanoldehydrating steps were shortened to 3-4 dips to minimize IHC signal loss.
Measurement of plasma corticosterone levels
The concentration of corticosterone in the mouse plasma was determined by means of a radioimmunoassay kit (MP Biomedicals, Irvine, CA, USA) according to the manufacturer's instructions. 
Qualitative analyses
Presence of bone-marrow-derived perivascular microglia and parenchymal microglia were verified in the brain of MyD88 À/À mice recipient of GFP-bone marrow stem cells. Free-floating sections were incubated for 30 min in KPBS containing 4% goat serum, 1% BSA and 0.4% Triton X-100. Using the same buffer solution, the sections were then incubated O/N at 4 1C with primary Ab polyclonal rabbit anti-GFP 1:500 (Molecular Probes, Eugene, OR, USA). The sections were then rinsed three times for 10 min in KPBS, followed by a 2 h incubation in a solution containing fluorochrome goat secondary Ab (antirabbit Cy2 1:500, Jackson ImmunoResearch, West Grove, PA, USA). They were then mounted on slides and coverslipped with antifade medium composed of 96 mM Tris-HCL, pH 8.0, 24% glycerol, 9.6% polyvinyl alcohol and 2.5% diazabicyclooctane (Sigma). The relative intensity of c-fos mRNA signals throughout the brain of each mouse was assessed on dipped emulsion slides under microscope evaluation, and was graded according to the scale of very low (1), low (2), moderate (3), strong (4) or very strong (5) signal. Anatomical identification of brain structures was based on the mouse brain atlas by Paxinos and Franklin. 35 Quantitative analyses IkBa and c-fos hydridization signals were measured on Biomax MR X-ray films (Kodak, Rochester, NY, USA) using a Northern Light desktop illuminator (Imaging Research, Ste-Catherine's, ON, Canada) and a Sony (Tokyo, Japan) camera video system attached to a MicroNikkor 55 mm Vivitar extension tube set for a Nikon (Montreal, QC, Canada) lens and coupled to a Dimension GX270 personal computer (Dell Computer, North York, ON, Canada) and ImageJ software (version 1.23; W Rasband, National Institute of Health, Bethesda, MD, USA). The optical density (OD) for each pixel was calculated using a known standard of intensity and distance measurements from a logarithmic specter adapted from BioImage Visage 110 s (Millipore, Ann Arbor, MI, USA). IkBa analysis was performed in the area postrema (AP) (approximately bregma À7.56 mm) by placing a reversed 1264 pixelequilateral triangle at the center of the area, and subtracting from that measure background values given by the average OD measured by placing the same triangle over the medullary reticular nucleus. There was no signal in this region, which is located on both sides of the AP. Two slices per mouse were analyzed and results for each animal represent an average OD of the slices. C-fos expression was quantified in the paraventricular nucleus (PVN) of the hypothalamus (approximately bregma À0.94 mm). The signal in both sides of the PVN was subtracted from background values in adjacent regions devoid of signal. Results represent the average OD of the bilateral PVN.
Semi-quantitative analysis of COX-2 and mPGES-1 hybridization signal was performed on nuclear emulsion-dipped slides with a CCD video camera (Sony) attached to a Bmax optical system (BX-50; Olympus) coupled to a computer. Magnification was set at Â 10 for these analyses. First, to control for illumination variation resulting from the different positions of the brain slices on the microscopic slides, average background value representing at least 75% of the total digitalized brain area without any positive signal was set to a value of 255 ± 10 by adjusting camera-image exposure time. For both genes, positive blood vessels on two sections in the entire caudal ventral medulla oblongata (approximately bregma À7.92 mm) were encircled and the OD and pixel area were measured. These values were then corrected for the average regional background signal by subtracting the average OD taken from three different negative areas located in close proximity to the blood vessel. Analyses were restricted to blood vessels larger than 500 pixels for COX-2 and 300 pixels for mPGES-1. The number of cells expressing each transcript was also counted in the same brain area over two slices. In addition, the number of COX-2-expressing cells was counted over the entire rostral ventral medulla oblongata (approximately bregma À6.72 mm).
COX-2 and mPGES-1 positive cells and their average OD were also measured in the PVN, AP and nucleus of the solitary tract (NTS) (approximately bregma À0.94 mm for the PVN and À7.56 mm for the AP and NTS). Overall average background values of each brain section were set at 255±10 using the method described above. For PVN analyses, 893 796-pixel square was first placed bilaterally over each digitalized nuclei, and OD was measured by placing a 216-pixel diameter circle over each positive cells. The average OD of the sampled cells was calculated, and then corrected for regional background values. Finally, COX-2 and mPGES-1 expression in the AP and NTS was analyzed using a similar method. First, a 641 802-pixel square was placed mid-sagittally over the AP/NTS areas, with its upper edge matching the superior lining of the AP. A 204 180-pixel equilateral reversed triangle was then placed within the box and its base aligned with the upper edge of the square. Positive cells in the AP were measured within the reversed triangle, while cells in the NTS were measured within the box area outside the triangle. Total number of cells and average OD were measured with a 216-diameter circle. Correction for regional background for the AP and NTS consisted, respectively, of a sample of 15 and 25 measures of same size circles placed over areas without signal.
Statistical analysis
Statistical analysis was performed with SPSS 11.0 Mac OS X Version. Group means were first analyzed for homogeneity of variances with Levene's test of equality of error variances. One-way analysis of variance (ANOVA) was then performed for each time point, with mouse type set as a fixed factor. Games-Howell or Bonferonni post hoc tests were appropriately used to determine significant differences between groups. a-level was set at 0.05 for all tests.
Results
MyD88 is required for the time-related induction of NF-kB-dependent genes mediated by circulating IL-1b IL-1b being a very potent inducer of NF-kB activity, we first examined whether it would activate this transcription factor in MyD88 À/À mice by analyzing IkBa mRNA expression in the CNS. Monitoring de novo expression of this transcript is an effective tool to investigate NF-kB activity within the CNS, because IkBa is rapidly resynthesized following its degradation. 4 IL-1b triggered a robust IkBa mRNA upregulation throughout the CNS of WT mice, but this effect was completely abolished in MyD88-deficient mice ( Figure 1a ). More precisely, the hybridization signal in WT mice was strongly increased 1 h post injection in leptomeninges, choroids plexus and the circumventricular organs median eminence (ME) and AP. The transcript was also highly expressed in vascular structures throughout the entire brain. Finally, positive isolated scattered cells could be detected in the brain parenchyma. IkBa expression diminished greatly by 3 h post injection, and reached basal levels by 6 h. This pattern of IkBa expression indicates that IL-1b-induced strong NF-kB activity in the brains of WT mice, but not in those of MyD88-deficient mice, and that most of this activity appears to have taken place within the cerebral microvasculature and in densely irrigated areas.
We next sought to determine the mRNA expression levels of COX-2 in response to i.p. IL-1b challenge. As for IkBa, COX-2 is transcriptionally regulated in cells lining the microvasculature of the CNS. Indeed, circulating IL-1b caused a robust COX-2 mRNA induction in the brain of WT mice at 1 h post injection (Figure 1b) , which decreased thereafter to reach basal levels at 6 h. In contrast, COX-2 transcript levels remained basal in MyD88-deficient mice and similar to those of vehicle-treated mice for the entire time window investigated. Transcriptional activation of COX-2 gene takes place essentially within endothelial cells of the brain vascular system. COX-2 mRNA colocalized almost exclusively with the endothelial marker CD-31 (PECAM), and rarely with the marker of myeloid cells Iba-1 (Figure 1c) . These results indicate that MyD88 signaling pathway in the cerebral endothelium is required for triggering transcriptional upregulation of these genes. Furthermore, these data suggest that these MyD88-deficient cells are unable to produce PGE 2 , which is an essential step in the activation of specific populations of neurons by proinflammatory cytokines and pathogens.
Activation of the brain circuits involved in the control of the HPA axis is dependent on MyD88 signaling pathway To determine the role of MyD88 in brain activity induced by IL-1b, we analyzed the expression pattern of immediate-early gene (IEG) c-fos mRNA, a marker of neuronal activation (Figure 2a ). This IEG is transcriptionally regulated in response to IL-1b in specific groups of neurons, such as the supraoptic nucleus (SON), hypothalamic PVN, arcuate nucleus (ARC), ME, central nucleus of the amygdala (CeA), parabrachial nucleus (PB), locus coeruleus (LC), NTS, AP and cVLM in WT mice. These regions are part of the autonomic circuits that play a critical role for the survival of the host during systemic inflammation. 3 The hybridization signal was intense in the PVN, AP and NTS at time 1 h post injection (Figure 2a) , declined 2 h later and essentially vanished 6 h after the systemic IL-1b treatment. These groups of neurons did not show c-fos induction to circulating IL-1b in MyD88-deficient mice. Actually, MyD88-deficient mice treated or not with IL-1b exhibited a very similar expression pattern of the IEG, which is comparable to background levels ( Figure 2a ). Few positive neurons were detected in the cVLM in both groups of MyD88-deficient mice, suggesting that activity of these neurons may not be entirely attributed to the cytokine.
We then verified if this neuronal activation in WT mice resulted into activation of the HPA axis. Numerous studies have shown that a single bolus of IL-1b increases plasma GC levels, such as those depicted in Figure 2b . Once again, MyD88-deficient mice did not exhibit any responses to the cytokine and their corticosterone levels were comparable to those of the vehicle-treated mice. Plasma concentrations of IL-1b-treated WT mice at 3 h (223.0 ± 33.6 ng ml À1 ) were significantly higher (P < 0.01) than those of IL-1b-or vehicle-treated MyD88-deficient mice (54.7 ± 14.2 ng ml À1 and 38.2 ± 5.1 ng ml À1 , respectively; Figure 2b ). These data clearly support the concept that MyD88 signaling pathway in cells of the BBB plays a critical role in mediating neuronal and endocrine responses to circulating IL-1b. This also validates the use of MyD88-deficient mice to investigate the relative contribution of endothelial cells and perivascular microglia in these functions.
IL-1b elicits strong NF-kB activity in MyD88-competent endothelial cells
Having demonstrated the fundamental role of MyD88 in the activation of the HPA axis, we next determined the key type of cells responsible for the transfer of immune signals from the circulation to the brain parenchyma. We created two types of bone marrow chimeras by hematopoietic reconstitution of C57BL/6-GFP/WT or MyD88 À/À recipient mice with bone marrow of either type, yielding endotheliumcompetent MyD88
À/À chimeras. Four months later, at the time of experimentation, over 95% of CD11b positive cells were donor derived in the blood (Figure 3a) . Donor-derived positive cells were also readily observed in the CNS (Figure 3b ). chimeric mice essentially mirrored that of WT. Throughout the brain, IkBa hybridization signal was at its highest at 1 h post injection, sharply decreased at 3 h and mostly consisted of few scattered, isolated aggregates at 6 h. At 1 h, blood vessels of both WT and MyD88 À/À -WT groups of mice exhibited strong upregulation of IkBa, which could readily be detected and appeared to be equivalent in terms of number and size for both groups (Figure 4a ). Minor differences were noted at 1 h. WT mice had a slightly more intense hybridization signal in circumventricular organs ME and organum vasculosum lamina terminalis, while the signal in the leptomeninges of MyD88 few scattered aggregates, which were most consistently observed in the AP and leptomeninges. In a few instances the signal appeared to be associated with blood vessels. Semi-quantitative optical density analysis of IkBa expression on autoradiographic film at the level of AP further validated these observations (Figure 4b ). The AP was chosen because of the reliable pattern of IkBa signal in that region and it is located in the vicinity of the NTS. IkBa was profoundly induced in this area at endothelial cells are responsible for production of PGE 2 during systemic inflammatory response. We investigated this critical point by monitoring transcript expression of COX-2 and mPGES-1. As depicted in Figure 5a and Table 2 , both WT and MyD88 À/À -WT chimeric mice displayed strong COX-2 mRNA induction throughout the brain at 1 h, and this upregulation was largely associated with blood vessels. At 3 h, COX-2 expression declined in the CNS of both groups, but still remained well above basal levels. The hybridization signal essentially vanished at time 6 h in WT mice, but was still detected in MyD88 À/À -WT mice. It is possible that chimeric mice are a little more sensitive to the cytokine, at least as it relates to COX-2 transcriptional regulation. On the other hand, COX-2 mRNA levels in , and two asterisks (**) represent significant difference from WT-MyD88 À/À chimeric mice. To simplify the figure, data from vehicle-treated mice are not shown. There was no induction in the central nervous system of these mice. Scale bars: 100 mm. OD, optical density, in arbitrary units.
the brain of WT-MyD88
À / À chimeric mice remained low and comparable to those of MyD88 À/À and WTMyD88 À/À mice treated with a vehicle solution. Few positive cells were found in the leptomeninges and brain of WT-MyD88 À/À mice at different times after IL-1b administration (Figure 5b) . mPGES-1 is the terminal enzyme in the synthesis of PGE 2 produced under inflammatory conditions, and we and others have reported upregulation of its transcript in the CNS during systemic inflammation. 11, 18, 36 Few mPGES-1-expressing cells were detected in the brain of WT and MyD88 À/À -WT chimeric mice 1 h after IL-1b injection, whereas MyD88 À/À and WT-MyD88 À/À mice did not exhibit any hybridization signal for that transcript ( Figure 6 ). As seen in Table 2 , there were regional differences in the expression pattern of mPGES-1 mRNA in WT and MyD88 À/À -WT at that time. WT mice had more positive cells in the hypothalamic PVN and fewer cells in the VLM than MyD88 À/À -WT chimeric mice. In this latter group, mPGES-1 mRNA was frequently associated with blood vessels, especially in the medulla and pons. mPGES-1 expression further increased at 3 h in WT and MyD88 À/À -WT mice in the AP and NTS, but decreased in the PVN. At that time, both groups expressed the transcript at similar levels in these areas. As for the other analyzed mRNAs, mPGES-1 expression returned to basal levels 6 h after the treatment with IL-1b. The cytokine failed however to induce expression of this gene in the brain of MyD88
À/À and WT-MyD88 À/À mice at all the times evaluated. These results provide strong evidence that the enzymes necessary for the production of PGE 2 during inflammation are specifically regulated in MyD88-competent endothelial cells. Table 3 depicts the analysis of c-fos mRNA expression in the brain of all groups of mice. Spatial and temporal pattern of c-fos levels in the WT and MyD88 À/À -WT CNS was strikingly similar between the two groups. Both groups displayed positive hydridization signal for c-fos in the SON, hypothalamic PVN, ARC, ME, CeA, PB, LC, AP, NTS and cVLM at 1 h (Figure 7) , and this induction decreased at 3 h and returned to basal levels at 6 h. One notable difference between these two groups was the slightly stronger expression of c-fos mRNA in the hypothalamic PVN and ME of MyD88 À/À -WT at 1 and 3 h. This is consistent with the relatively higher expression levels of COX-2 and mPGES-1 mRNA in the brain of these mice at time 1 h post injection. This observation was further validated at the level of the PVN with optical density analysis of autoradiographic films (Figure 7b ). On the other hand, c-fos gene was not increased in the brain of MyD88 À/À and WT-MyD88 À/À chimeric mice at any of the times evaluated. Therefore, activation of MyD88 signaling pathway in endothelial cells of the brain vascular system is critical for the neuronal responses to circulating IL-1b and these effects are independent on MyD88-competent perivascular microglia.
Neuronal activation is dependent on MyD88-competent endothelial cells during systemic inflammation
Endothelial cells play a critical role in the regulation of HPA axis during different models of systemic inflammation We validated the hypothesis that activation of brain circuits involved in the control of the autonomic system translated into analogous elevation of plasma GC levels in WT and MyD88 À/À -WT mice. Radioimmunoassay measurements indicated that corticosterone levels were similarly elevated in WT and MyD88 À/À -WT mice (223.0 ± 33.6 vs 182.3 ± 25.5 ng ml À1 , respectively) 3 h after i.p. IL-1b administration (Figure 8a ). On the other hand, activity of the HPA axis remained low in MyD88 À/À and WT-MyD88 À/À mice. To ascertain that these effects were not specifically attributed to the proinflammatory cytokine IL-1b and to a specific time point post injection, we used the endotoxin LPS in different groups of chimeric mice. Here strains of mice WT C3H/HeN, LPS unresponsive C3H/HeJ and chimeric HeJ-HeN with nonfunctional TLR4 in perivascular microglia received a low or high dose of LPS. As depicted in Figure 8 (b and c) , plasma corticosterone concentrations evolved similarly over time in WT and the functional endothelial TLR4 HeJ-HeN mice, while those of C3H/HeJ mice remained essentially comparable to basal levels across the entire experiment. The increase detected at time 1.5 h in C3H/HeJ mice (Figure 8c ) may be attributed to the stress of handling and not necessarily to the endotoxin, because these mice bear a mutation in the gene encoding TLR4 and are highly resistant to Gramnegative cell wall components. These two different sets of experiments are quite complementary and clearly validate the concept that endothelial cells of the BBB play a critical role in the activation of CNS circuits and HPA axis during systemic inflammation. There is essentially no HPA axis response in mice that have a defect in TLR4 and MyD88 signaling pathway in the endothelium, but such a deficiency in perivascular microglia does not seem to cause any major dysfunctions of this neuroendocrine response.
Discussion
Host survival against infectious pathogens or during inflammatory responses depends on a proper bilateral communication between the blood and CNS, which ultimately results in the activation of the HPA axis and plasma GC release. These adrenal steroids act as the most powerful suppressor of the innate immune activity, which can be lethal without such a natural negative feedback. The cerebral microvasculature is a fundamental component of this immune-CNS interaction, but questions pertaining to the mechanisms responsible for its activation, along with the contribution of different populations of cells in the PGE 2 production were still unanswered. Our results provide very solid evidence that a functional proinflammatory signaling in the brain endothelium is essential for this bilateral talk, which seems independent of perivascular microglia of hematopoietic origin.
A large body of evidence gathered from a variety of experimental paradigms and the analysis of different physiological parameters suggests that stimulation of arachidonic acid biosynthesis in the brain is a critical 41, 42 while intracerebral administration of PGE 2 stimulates these neuronal circuits and plasma ACTH and corticosterone release. [43] [44] [45] Moreover, both COX-2 and mPGES-1 are rapidly upregulated by circulating immune ligands 4, 5, 14, 15, 20, 22, 23, 46 and COX-2-and mPGES-1-deficient mice do not develop fever in response to circulating LPS. 19, 47, 48 These mice do respond however to centrally administered PGE 2 . 49 Although there is no doubt that PGE 2 plays a critical role in activating many autonomic functions, the main type of cells responsible for its biosynthesis was still debated.
The hypothesis that perivascular microglia are the main source of PGE 2 was first supported with the report that COX-2 protein expression was mostly associated with this particular cellular type in response to LPS. 26 Subsequent studies extended this conclusion to circulating IL-1b, although high doses of LPS were also reported to induce COX-2 expression in endothelial cells. 24, 25 In parallel, the hypothesis that PGE 2 production is primarily synthesized by BBB endothelial cells during systemic inflammation also gained in support. We and others have reported COX-2 mRNA expression exclusively within the cerebral endothelium in models of LPS, IL-1b or sterile systemic inflammation. 4, [11] [12] [13] [14] [15] [16] [17] 20, 21, 23 In addition, colocalization of both mPGES-1 and COX-2 enzymes within brain endothelial cells was also observed, 18, 36 and such results have yet to be reported in perivascular cells. Finally, COX-2 induction was localized to both endothelial and perivascular microglia in response to low doses of i.p. or i.v. LPS injections, but occurred to much larger extent in the former. 22 These discrepancies between studies are relatively hard to reconcile, but the dose, time course, experimental models of systemic inflammation and the antisera used to reveal the specific types of cells (perivascular microglia vs the endothelium) are essential elements to take into consideration. Moreover, most of the work on the colocalization of PG enzymes was performed in the brain of rats treated systemically with different immune ligands. We have experienced more technical difficulties to label endothelial cell bodies in the mouse brains and we had to use various approaches to have a specific and proper signal for both cell bodies and COX-2 transcript. As depicted in Figure 1 , expression of COX-2 mRNA in the brain endothelial cells is very convincing following IL-1b administration, which is not the case for perivascular microglia. This does not rule out the possibility that these immune cells can produce PGE 2 during systemic inflammation, but they play a very little role in the physiological functions evaluated in this study.
The strong upregulation of IkBa and COX-2 transcripts seen in WT and MyD88 À/À -WT chimeric mice was greatly inhibited in the WT-MyD88 À/À brain. This observation strongly indicates that NF-kBdependent transcription in endothelial cells of the cerebrovascular system is a critical event-taking place at the blood-brain interface during systemic inflammatory events. It is interesting to note that plasma IL-1b induces COX-2 and mPGES-1 in a rather unspecific manner in blood vessels, while the neuronal activity is limited to selective nuclei. Once produced by endothelial cells, PGE 2 is able to diffuse across parenchymal elements and bind to specific EP receptors on the surface of neurons. Activation of these EP receptors determines the localized action of the PG in the brain. 3, 28 These data indicate that endothelial cells are the main target of both IL-1b and LPS to transfer PGE 2 to the CNS parenchyma and activate specific groups of neurons. Although endothelial cells express both IL-1R1 and TLR4, LPS receptor in myeloid cells is critical for the induction of a large family of immune genes all together involved in the control of the innate immune reaction. One could then propose that perivascular cells would play a more important role during endotoxemia than high circulating levels of IL1b. However, these data fit very well with a recent study reporting that expression of TLR4 on nonhematopoietic cells in the BBB is sufficient to cause cytokine production in the CNS after a systemic LPS injection. 27 These authors also found that both cell types may contribute to the initial early GC surge. This is quite different from the data reported here, because all the variables analyzed in WT-MyD88 À/À chimeric mice mirrored those of MyD88-deficient values from three to six animals per group. Significant differences were established by one-way analysis of variance followed by Games-Howell post hoc test. One asterisk (*) denotes significant difference (P < 0.05) from MyD88 À/À , and two asterisks (**) and t represent significant difference from WT-MyD88 À/À and WT, respectively. To simplify the figure, data from vehicletreated mice are not shown. There was no notable induction in the central nervous system of these mice. Scale bar: 100 mm. animals, which are totally resistant to IL-1b. Moreover the efficient activity of the HPA axis observed in both groups of MyD88
-WT chimeric and WT mice was further confirmed in HeJ-HeN chimeric mice in response to either a low or high dose of LPS. One reason explaining this discrepancy is that mice with functional TLR4 restricted to hematopoietic cells do respond to LPS in periphery, and proinflammatory cytokines, including IL-1b, are released in the circulation. Thus, it is possible that the relative elevation of GCs noted in chimeric mice with functional TLR4 restricted to perivascular cells may have been induced, or at least potentiated, by IL-1b acting on the brain endothelia. This potential effect is unlikely to have been at play in the present study, because MyD88 chimeric mice do not respond at all to exogenous and endogenous IL-1b. This is also the rationale for using HeJ-HeN and not HeN-HeJ chimera to further validate the data generated in MyD88 chimeric mice. Furthermore, it is improbable Significant differences were established by one-way analysis of variance followed by Games-Howell post hoc test. One asterisk (*) or two asterisks (**) denote significant difference (P < 0.05) from MyD88 À/À and WT-MyD88 À/À chimeric mice, respectively. To simplify the figure, data from vehicle-treated mice are not shown. There was no induction in the central nervous system of these mice. Scale bar: 100 mm. 
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that other cytokines of the acute-phase response could have influenced the production of PGE 2 by BBB endothelial cells in this study. Although IL-1b is able to stimulate IL-6 production, this cytokine signals through JAK/STAT pathways and does not induce COX-2 expression. 1 Therefore, our results provide compelling evidence that the endothelium of the cerebral microvasculature is the main source of PGE 2 produced in the CNS during systemic inflammation.
Chimeric mice were used to address the objectives of the present study as opposed to conditional knockout (KO) models in which MyD88 would be deleted in either endothelial or bone-marrow-derived perivascular microglia. Though theoretically an elegant technology, conditional KO models are not without their criticisms. For instance, such approach does not guarantee deletion of the gene of interest in every cell belonging to the targeted cellular type. On the other hand, construction of chimeric mice offers the possibility to achieve high levels of hematopoietic vs nonhematopoietic cellular restriction for a particular gene that conditional KO technology could hardly achieve. The deletion may also not be specific to the endothelial cells of the BBB and gene deletion specifically in perivascular microglia is not possible. However, the chimeric mouse models are not without its criticisms. First, they are not cell-specific KO mice and second, concerns are frequently raised in regard to possible permanent effects of irradiation on the values from three to six animals per group. Significant differences were determined by one-way analysis of variance (ANOVA) followed by Games-Howell post hoc test. One asterisk (*) denotes significant difference (P < 0.05) from MyD88 À/À and two asterisks (**) represent significant difference from WT-MyD88 À/À chimeric mice. To simplify the figure, data from vehicle-treated mice are not shown. There was no induction in the central nervous system of these mice. Scale bars: 100 mm. OD, optical density, in arbitrary units.
immune system. Due to the importance of chimeric mice in the current research, we recently performed a series of experiments to verify such possible side effects. We have found that the innate immune response is not compromised in the brain of WT chimeric mice that were transplanted with GFP bone marrow stem cells and validated the use of this approach to study the role of blood-derived microglia vs endothelial cells. 50 It will be of interest to corroborate the present data in conditional KO mice generated with a specific promoter for brain endothelial cells.
In conclusion, we demonstrate that activation of MyD88 pathway in endothelial cells of the cerebral microvasculature is essential for the activation of the neurons involved in regulation of the HPA axis and the ultimate rise in plasma GC levels during early inflammatory events. These fine mechanisms taking place at the level of the BBB may have a direct impact on the proper inhibition of cells of the innate immune system and diseases that have immune etiologies. ) dose of LPS in C3H/HeJ chimeric mice. C3H/HeJ mice bear a mutation in the gene encoding LPS Toll-like receptor 4 (TLR4) and are resistant to the endotoxin. Please note that both groups of C3H/HeN (control mice) and HeJ-HeN (endothelial-competent TLR4) groups had similar activation of the HPA axis following the low and high doses of LPS. Data are means ± s.e.m. (bars) values from three to four animals per group. Significant differences were established by one-way analysis of variance (ANOVA) followed by Bonferroni post hoc test. One asterisk (*) denotes significant difference (P < 0.05) from MyD88 À/À or C3H/HeJ in (a) and (b), respectively, and two asterisks (**) represent significant difference from WT-MyD88 À/À chimeric mice (a only).
Proinflammatory signaling in the BBB D Gosselin and S Rivest
